Abstract-The effect of the biosurfactant rhamnolipid on phenanthrene biodegradation and cell growth of phenanthrene degraders was investigated. To compare the effect of rhamnolipid addition, two bacterial strains, 3Y and 4-3, which were isolated from a diesel-contaminated site in Korea, were selected. Without the biosurfactant, large amounts of phenanthrene were degraded with both strains at neutral pH, with higher rates of phenanthrene degradation when the cell growth was higher. Upon the addition of 240 mg/L rhamnolipid, the phenanthrene degradation and optical density were reduced, with this inhibitory effect similar for both 3Y and 4-3. To explain this inhibition, the cell growths of both strains were monitored with various concentrations of rhamnolipid, which showed significant toxic effects toward strain 3Y, but was nontoxic toward 4-3. Combining the inhibitory and toxicity results with regard to the biodegradation, different mechanisms can be suggested for each strain. In the biodegradation experiments, the toxicity of rhamnolipid itself mainly was responsible for the inhibitory effect in the case of 3Y, whereas the toxicity of solubilized phenanthrene or the increased toxicity of rhamnolipid in the presence of solubilized phenanthrene could have resulted in the inhibitory effect in the case of 4-3. This study demonstrated that the effectiveness of biosurfactant-enhanced biodegradation can be significantly different depending on the strain, and the toxicity of the biosurfactant should be considered as an important factor.
INTRODUCTION
Polycyclic aromatic hydrocarbons (PAHs) have been of great environmental concern due to their known or suspected carcinogenic and mutagenic effects; therefore, the levels of these compounds in the environment are regulated by government agencies [1] [2] [3] . Polycyclic aromatic hydrocarbons constitute a class of hazardous organic chemicals that consist of two or more fused benzene rings in a linear, angular, or cluster arrangement. They are released to the environment either from natural origins, such as forest fires, or from anthropogenic activities. In industrialized countries, the major sources of PAHs are petroleum products, such as creosote, and vehicle emissions [1] [2] [3] .
Polycyclic aromatic hydrocarbons are hydrophobic and practically insoluble in water, which contributes to their persistence in the environment. For example, their solubility ranges from 32.5 ppm for naphthalene to 0.14 ppm for pyrene [4] . Consequently, they often show a strong tendency to be sorbed onto soil, with incorporation into the soil micropores. The removal efficiency can be limited in low mass-transfer phases, such as PAH-contaminated soils, because most chemical and biological remediation technologies need transfer from nonaqueous-phase liquids into a mobile phase. In order to solubilize hydrophobic contaminants, enhancing agents, such as surfactants with an amphiphilic structure, are introduced [5, 6] .
Biosurfactants have several advantages over chemical surfactants, including lower toxicity [7, 8] , higher biodegradability [9] [10] [11] [12] , better environmental compatibility, and the ability to be synthesized from renewable feedstocks [13] . They occur naturally in soil, which makes them acceptable from a social and ecological point of view; thus, their complete removal after treatment may not be necessary [14] [15] [16] .
Variable results exist on the utility of biosurfactants in hydrocarbon biodegradation. Several studies have shown enhanced biodegradation of sorbed and nonaqueous-phase liquid contaminants in the presence of biosurfactants [11, [17] [18] [19] [20] [21] . Oberbremer et al. [11] used a mixed soil population to assess the hydrocarbon degradation in model oil and reported a statistically significant enhancement of hydrocarbon degradation when sophorose lipids were added to a model system containing 10% soil and a 1.35% hydrocarbon mixture consisting of tetradecane, pentadecane, hexadecane, pristane, phenyldecane, and naphthalene in a mineral salt medium. In the absence of surfactant, 81% of the hydrocarbon mixture was degraded in 114 h while in the presence of biosurfactants; up to 90% of the hydrocarbon mixture was degraded in 79 h.
Compared to synthetic surfactants [22] [23] [24] [25] [26] , less frequent inhibitory effects on biodegradation have been found in the presence of biosurfactants [17, [27] [28] [29] . Some of the proposed mechanisms for the inhibition of microbial degradation at supracritical micelle concentration levels include surfactant toxicity, surfactant-enhanced contaminant toxicity, preferential use of the surfactant as a substrate, and interference of cellmembrane processes. Especially in case of biosurfactants, their high biodegradability was suggested as one of the main mechanisms for inhibition [28, 30, 31] . However, research on bio/ surfactant and bio/surfactant-enhanced contaminant toxicities has been sparse.
In particular, the system pH can be a significant factor for biosurfactant-enhanced biodegradation, because it affects both the microbes and the biosurfactant morphology [18, [32] [33] [34] [35] .
Toxicity and biosurfactant addition Environ. Toxicol. Chem. 24, 2005 2769 The effect of pH on the organic dispersion appears to be related to the type of rhamnolipid structure present. For example, Ishigami et al. [32] and Champion et al. [33] have shown that the morphology of rhamnolipid biosurfactants is a function of the pH and changes from lamellar to vesicular and, ultimately, micellar, as the pH increases. More recently, Shin et al. [35] demonstrated that the biosurfactant-related solubility of phenanthrene increased around pH 4.5 to 5.5 and that the biodegradation rate by Pseudomonas putida CRE 7 was higher at pH 5, which was due to the combined effect of pH and biosurfactant addition. The goal of this study was to investigate the effect of rhamnolipid addition on the rate of biodegradation of phenanthrene and the effect of rhamnolipid addition on the cell growth of phenanthrene degraders. For these objectives, two different strains, isolated from a diesel-contaminated soil in Korea, were selected and biodegradation experiments were performed in the pH range 4 to 8.
MATERIALS AND METHODS

Biosurfactant
The biosurfactant used in this study was a rhamnolipid. This biosurfactant was selected because it is a glycolipid, which is the most commonly isolated type of biosurfactant and members of the genus Pseudomonas, which produce various rhamnolipids, are common soil microorganisms [18] . The rhamnolipid solution was purchased from the Jeneil Biosurfactant Company (Saukville, WI, USA). Specifically, the Jeneil product JBR425, with a mono-to dirhamnolipid ratio of 1:1, was used and supplied as a 25% aqueous solution. The two major rhamnolipid components in this solution are a monorhamnolipid (␣-L-rhamnopyranosyl-␤-hydroxydecanoyl-␤-hydroxydecanoate), and a dirhamnolipid (2--␣-L-rhamnopyranosyl-␣-L-rhamnopyranosyl-␤-hydroxydecanoyl-␤-hydroxydecanoate), with molecular weights of 504 and 650, respectively. The critical micelle concentration of this biosurfactant is 0.1 mM (57.7 mg/L) [36] .
Chemicals
The mineral salt medium (MSM) was composed of (per liter) 0.2 g of MgSO 4 , 0.02 g of CaCl 2 , 1 g each of KH 2 PO 4 , (NH 4 ) 2 HPO 4 , and KNO 3 and 0.05 g of FeCl 3 . The yeast extractpolypeptone-glucose (YEPG) medium (pH 7.0) contained (per liter) 0.2 g of yeast extract, 2.0 g of polypeptone, 1.0 g of glucose, and 0.2 g of NH 4 NO 3 . The YEPG was used as a 50% strength multipurpose growth medium for the rhamnolipid toxicity assays. Phenanthrene (purity Ͼ98%) was purchased from Aldrich Chemical (Milwaukee, WI, USA). The chloroform (high-performance liquid chromatography [HPLC] grade) used to dissolve or extract the phenanthrene, as well as the methanol (HPLC grade), acetonitrile (HPLC grade), and water (HPLC grade), all were purchased from Fisher Scientific (Pittsburgh, PA, USA).
Microorganism
Two phenanthrene-degrading strains, 3Y and 4-3, were isolated from a diesel-contaminated site in Korea, using the sprayplate method [37] . The strains, 3Y and 4-3, were identified as Sphingomonas sp. and Paenibacillus sp., respectively, based on the partial sequencing of their 16S rDNA (H. Jung, University of Waterloo, Waterloo, ON, Canada). In this study, growth of 3Y and 4-3 on biosurfactant was checked, with no growth confirmed. Biosurfactant production by these strains also was checked, and no production was confirmed in our experimental condition.
The Pseudomonas putida CRE 7 was obtained from R.M. Maier (Department of Soil, Water, and Environmental Science, University of Arizona, Tucson, AZ, USA). This strain previously has been reported not to produce or use biosurfactants during growth on MSM containing phenanthrene [19, 35] . In this study, the growth of CRE 7 on rhamnolipid also was checked, with no growth confirmed.
Effect of pH and biosurfactant on phenanthrene biodegradation and cell growth
For the biodegradation experiment, two strains, 3Y and 4-3, were used and the biodegradation of phenanthrene quantified in two ways: Optical density at 600 nm, which was used to evaluate the cell growth, and direct measurement of phenanthrene loss, which was used to determine substrate utilization. For the phenanthrene utilization experiments, 4 mg of phenanthrene was dissolved in 0.2 ml of chloroform and introduced aseptically into previously autoclaved 125-ml Erlenmeyer flasks [19] . The solvent was allowed to evaporate overnight, leaving a thin coating of phenanthrene on the sides and bottoms of the flasks. Mineral salts medium [18] solutions were prepared with pHs of 4, 5, 6, 7, and 8, with the pH adjusted by the addition of 1 N HCl or 1 N NaOH as required. Triplicate flasks were set up for each tested pH. Twenty milliliters of autoclaved MSM were added to each flask, and the samples were inoculated with 0.5-ml aliquots of a preculture. To obtain the precultures, the strains were transferred from a plate culture to an Erlenmeyer flask, which had been prepared as described above. The culture was incubated and the cell growth monitored until the stationary phase was achieved, and 0.5 ml of inoculum then was transferred to a second flask. The inocula for the biodegradation experiments were taken from the second flask after 2 d. The inoculated samples were incubated at 30ЊC in a shaking incubator at 150 rpm.
To examine the effects of biosurfactant addition, the same experimental procedures were carried out as described above, with the exception of the addition of 240 mg/L of biosurfactant to the MSM. Prior to the addition of the rhamnolipid solution, the pH of the MSM was adjusted to 4, 5, 6, 7, and 8 by the addition of 1 N HCl or 1 N NaOH solutions as required. These experiments were performed at least twice. At the end of the experiment, the contents of the triplicate flasks at each pH were extracted with 30 ml of chloroform, and the amount of phenanthrene in each extract was quantified by HPLC.
To measure the cell growth using the optical density at 600 nm, one 250-ml flask at each pH was used. Twenty milligrams of phenanthrene was dissolved in 1 ml of chloroform and added aseptically to previously autoclaved 250-ml Erlenmeyer flasks. Individual 100-ml aliquots of each of the pH-adjusted MSM solutions and 2.5 ml of the preculture were added to each flask. The inoculated flasks were incubated at 30ЊC in a shaking incubator (Hanbaek Science, Bucheon, Korea) at 150 rpm, with 1-ml samples taken for measurement of turbidity at the specific time intervals and the optical density at 600 nm measured by ultraviolet-visible spectrophotometer (Shimadzu, Japan).
Rhamnolipid toxicity to phenanthrene degraders
The effect of rhamnolipid addition on the phenanthrene degraders 3Y, 4-3, and CRE 7 were evaluated with regard to cell growth. The 50% YEPG medium with various concentrations of rhamnolipid (0, [0.173 mM], 150 [0.260 mM], and 240 [0.416 mM] mg/L) were prepared, with 100 ml of each medium added to the previously autoclaved 250-ml Erlenmeyer flasks. To obtain the precultures, strains were transferred from a plate culture to 20 ml of YEPG medium and incubated at 30ЊC in a shaking incubator (Hanbaek Science) at 150 rpm for 24 h. The cells then were harvested by centrifugation at 4,000 rpm for 15 min, resuspended in 1 ml of YEPG medium, and added to a 2-L flask with 1 L of the YEPG medium. The flask was incubated at 30ЊC in a shaking incubator at 150 rpm for 24 h. Finally, for the toxicity test, the incubated culture was divided into 40-ml aliquots in 50-ml centrifuge tubes (Corning, Canton, NY, USA). The separated cell was centrifuged at 4,000 rpm for 15 min and added to the 250-ml Erlenmeyer flasks containing 100 ml of YEPG medium with the various concentrations of rhamnolipid. The initial cell density was about 0.1 optical density for all experimental sets. Triplicate flasks were set up for each rhamnolipid concentration. The inoculated flasks were incubated at 30ЊC in a shaking incubator at 150 rpm, with 1-ml samples taken for measurement of the turbidity at specific time intervals and the optical density at 600 nm measured by ultraviolet-visible spectrophotometer.
Phenanthrene analysis
Aqueous samples and chloroform extractants were analyzed for phenanthrene using an HPLC instrument equipped with a Waters model 717 Plus autosampler, two Waters model 510 pumps, a Waters model 490 E programmable multiwavelength detector, and a Novapak column C18 (Waters, Milford, MA, USA). The HPLC analyses were performed isocratically using a mobile phase of 35% water and 65% acetonitrile, at a flow rate of 1 ml/min, using ultraviolet detection of the phenanthrene at a wavelength of 254 nm. The sample injection volume was 10 l.
RESULTS AND DISCUSSION
Effect of rhamnolipid addition on phenanthrene degradation and cell growth
The effects of rhamnolipid addition to the cell growth of the two strains when phenanthrene was used as the sole carbon and energy source were investigated using the optical density as a measure of the cell growth. To confirm the trend in the cell growth, the total substrate loss was analyzed using HPLC at the end of the experiments, and the amount of phenanthrene remaining (%) was calculated.
To check the effect of pH only on the cell growth, degradation experiments were carried out in the absence of the biosurfactant (Figs. 1 and 2 ). For the 3Y strain, cell growth and degradation were found between pH 6 and 8, and the total degradation extents after 5 d of incubation in this pH range were similar. At pH 7, more than 66% of the initial phenanthrene mass (mg) was degraded, which was much higher than 30% maximum at pH 5. Figure 2a shows the degradation of phenanthrene by the 4-3 strain, which was restricted to a narrower pH range. Compared with the degradation (maximum 69%) by 3Y at pH 6, less than 54% of the phenanthrene was degraded by the 4-3 strain at the same pH. The cell growth and substrate loss analyses clearly show that higher cell-growth rates correlate with enhancement of phenanthrene biodegradation. The measurements of the substrate losses were performed at least in duplicate, with reproducible trends. The results for both 3Y and 4-3 ( Figs. 1 and 2 ) indicated that the system pH was a significant factor that impacted degradation and that the optimum pH for different phenanthrene degraders can vary. Moreover, previous research on P. putida CRE 7 [35] has shown that pH 6 is optimum for biodegradation of phenanthrene in the absence of rhamnolipid.
The effects of rhamnolipid on the cell growth and biodegradation of phenanthrene in the pH range 4 to 8 were monitored. Figure 3 shows the residual phenanthrene (%) and cell growth of 3Y after the addition of 240 mg/L rhamnolipid. Compared to the result in the absence of rhamnolipid, the degradation of phenanthrene by 3Y decreased and the optical density at the stationary phase was reduced with the addition of rhamnolipid. Additionally, a degradation experiment was performed with 150 mg/L of rhamnolipid (data not shown), with similar effects to those with the addition of 240 mg/L rhamnolipid. For instance, the degradation of phenanthrene (%) at pH 7 was reduced from 73.6 to 23.4% with the addition of 240 mg/L of rhamnolipid.
The residual phenanthrene (%) and the cell growth of 4-3 after the addition of 240 mg/L of rhamnolipid are shown in Figure 4 . When 240 mg/L of rhamnolipid was added, the cell growth was inhibited significantly, as confirmed by analyzing the residual phenanthrene. Even with rhamnolipid concentration lowered to 150 mg/L (data not shown), the same trends were shown. The previous study [35] showed that the effect of pH on solubilization of phenanthrene with rhamnolipid and the increased apparent solubility of phenanthrene at pH 5 with the 240-mg/L rhamnolipid solutions was 5.5 times greater than the literature value of 1.3 mg/L [4] . However, our results indicated that an increased solubility caused by surfactant addition was not effective in this biodegradation system. Previously, the inhibitory effects due to biosurfactant addition have been reported in several studies [28, 30, 31] . Deschenes et al. [28] assessed the effect of an anionic surfactant, sodium dodecyl sulfate, during biodegradation of PAHs in a soil contaminated with creosote and pentachlorophenol wood preservatives. They found that the two surfactants significantly decreased the biodegradation rate of a four-ringed PAH and suggested that the preferential utilization of surfactants by PAH degraders was responsible for the inhibition observed. In addition, Vipulanandan and Ren [31] concluded that the biodegradation of biosurfactant appeared to compete with the biodegradation of naphthalene, inhibiting the biodegradation of naphthalene under their study conditions. As found in their study, the preferential use of biosurfactant mainly was discussed with regards to the case of the biosurfactant.
Because the two strains used in this study were not able to use rhamnolipid as a sole carbon source, the preferential use of biosurfactant as a substrate is not a possible mechanism of inhibition, even though rhamnolipid is known as a readily biodegradable surfactant. At this time, other proposed mechanisms for the inhibition of microbial degradation should be considered, such as surfactant toxicity, surfactant-enhanced contaminant toxicity, and reduced bioavailability of micellebound hydrophobic organic contaminants.
To investigate the toxicity of rhamnolipid, the cell growth of phenanthrene degraders in 50% YEPG medium was monitored. In Figure 5 , the rhamnolipid is shown to be toxic to the 3Y strain, even at concentrations lower than the critical micelle concentration of rhamnolipid. After the addition of 25, 100, and 240 mg/L rhamnolipid, the optical densities of the 3Y cultures at 30 h were only 87, 40, and 14%, respectively, of the optical density in absence of rhamnolipid.
In case of the 4-3 strain, the cell density in 50% YEPG medium was not affected by rhamnolipid addition, as shown in Figure 6 , and reached the stationary phase after 30 h for all concentrations, with similar final cell densities. This result indicated that the addition of rhamnolipid had no effect on the 4-3 cell growth. Additionally, CRE 7 was investigated (Fig.  7) , because this strain is known as a phenanthrene degrader, and its biodegradation rate previously has been shown to be enhanced in the presence of biosurfactants [35] . The cell growth of CRE 7 was not affected at all by the addition of the biosurfactant (Fig. 7) , with a much higher final cell density than that of the 4-3 strain.
Based on this result, a toxic effect of the rhamnolipid on PAH-degrading bacteria would be expected, even though the response of different strains can vary. It is interesting to note that rhamnolipid showed a toxic effect toward one of the three phenanthrene-degrading strains tested in this study; a lower toxicity would have been expected with most biosurfactants compared with synthetic surfactants.
More interestingly, the inhibitory results in the biodegradation experiments using rhamnolipid can be explained on the basis of the rhamnolipid toxicity test results. In the case of the 3Y strain, rhamnolipid concentrations below and above the Toxicity and biosurfactant addition Environ. Toxicol. Chem. 24, 2005 2773 critical micelle concentration inhibited the cell growth in 50% YEPG medium during 50 h of incubation (Fig. 5) . This suggests that the general toxicity of rhamnolipid mainly was responsible for the inhibitory effect in the biodegradation experiments. Few reports previously have discussed the toxic effects of biosurfactants on the biodegradation of PAHs. In the case of the 4-3 strain, rhamnolipid appeared to be nontoxic (Fig. 6 ), even though its inhibitory effect on phenanthrene degradation was similar for both strains (Figs. 3 and 4) . Therefore, there may be different mechanisms for inhibition in these cases, in which case the toxicity of solubilized phenanthrene needs to be considered. Previously, Bramwell and Laha [38] measured the toxicity of Tween 20, and the median effective concentration value was approximately 150 mg/L in the absence of phenanthrene. However, when an excess amount of phenanthrene was added to 100 mg/L Tween 20 solution, the median effective concentration value was determined to be 4.5 mg/L Tween 20, and this value represented a 50-fold increase in the toxicity of Tween 20 in systems containing solubilized phenanthrene. As a result, they suggested that toxicity of solubilized phenanthrene might play a significant role in microbial inhibition. In our study, coupled with the result of Bramwell and Laha [38] , the degradation by the 4-3 strain could be said to have been affected significantly by the increased toxicity of solubilized phenanthrene or by an increase in the toxicity of rhamnolipid in presence of solubilized phenanthrene. In a previous study [35] , the phenanthrene degradation rate by CRE 7 was enhanced, and the specific growth rates () at all pHs increased in the presence of the biosurfactant rhamnolipid. This study investigated the combined effects of pH and biosurfactant addition on the solubilization and biodegradation of phenanthrene and showed the maximum value to shift from around pH 6 to 5 with the addition of the biosurfactant. This was consistent with the solubilization experiments, where the maximum enhancement in the solubility was shown at pH 5 with biosurfactant. Therefore, it was concluded that the increased biodegradation was due to the enhanced solubilization of phenanthrene by the addition of rhamnolipid. Nevertheless, given the disparity in the magnitude between the increases in phenanthrene solubilization and the value with the biosurfactant, not all of the phenanthrene in the larger aggregates would be bioavailable. Combining these previous results [35] with the toxicity data in this study (Fig. 7) , the nontoxic effect of either rhamnolipid or solubilized phenanthrene on CRE 7 contributed to the enhanced biodegradation rate in the presence of rhamnolipid.
In summary, biosurfactants have been used to potentially enhance biodegradation rates in the remediation of sites with limited mass transfer rates. However, there are several factors that impact the overall efficiency of biosurfactant-enhanced biodegradation, such as the interactions between the contaminant, surfactant, microorganisms, and the target environment. Many studies have shown the advantages of biosurfactants over chemical surfactants, including lower toxicity [7, 8] , higher biodegradability [9] [10] [11] [12] , better environmental compatibility, and the ability to be synthesized from renewable feedstocks [13] . However, the results of our research showed that the effect of biosurfactant addition on biodegradation rates can be inhibitory and can differ significantly depending on the strain. Moreover, a biosurfactant can be significantly toxic to phenanthrene degraders, which can be a critical factor for the effectiveness of biosurfactant addition. These results suggest that the toxicity of a biosurfactant on specific degraders, which plays an important role during bioremediation processes, should be considered carefully in the assessment of the remedial efficiency.
CONCLUSION
Phenanthrene biodegradation experiments were performed to investigate the effects of rhamnolipid addition on the total degradation rates by several strains. The following conclusions are made.
In the absence of rhamnolipid, cell growth of 3Y and the degradation of phenanthrene occurred from pH 6 to 8; however, the 4-3 strain degraded less than 54% of phenanthrene at pH 6, which was lower than that by the 3Y strain. The cell growth and substrate loss analyses clearly show that higher cell growth rates correlated with enhanced phenanthrene biodegradation.
The effect of rhamnolipid on the biodegradation of phenanthrene significantly was inhibitory for both the 3Y and 4-3 strains. The degradation of phenanthrene (%) by 3Y at pH 7 was reduced from 73.6 to 23.4% with the addition of 240 mg/L of rhamnolipid. Similarly, the addition of 240 mg/L of rhamnolipid significantly inhibited the cell growth of the 4-3 strain, as confirmed by analyzing the residual phenanthrene.
According to the cell growth with various concentrations of rhamnolipids, the rhamnolipid was found to be toxic to the 3Y strain, even at low concentrations. However, in case of the 4-3 and CRE 7 strains, the cell densities in 50% YEPG media were not affected by rhamnolipid addition.
Combining the results of the biodegradation and cell growth experiments with rhamnolipid, different mechanisms were suggested for the inhibition of the biodegradation by each strain. The toxicity of rhamnolipid mainly was responsible for the inhibitory effect on the biodegradation by 3Y, and the increased toxicity of solubilized phenanthrene or an increased toxicity of rhamnolipid in the presence of solubilized phenanthrene might have resulted in the inhibition of the biodegradation by the 4-3 strain. The nontoxic effect of rhamnolipid addition on CRE 7 cell growth supported the results from a previous study [35] , where the phenanthrene degradation rate by CRE 7 was enhanced, and the specific growth rates at all pHs increased in the presence of the biosurfactant.
